Abstract: This paper focuses on the network capacity maximization problem through joint cell association and user scheduling with multiple carrier aggregation (CA) in the heterogeneous networks (HetNets). For the downlink transmission, the proposed joint maximization problem is reformulated from single data flow into multiple data flow through carrier aggregated HetNets, in which the users could associate with BSs on more than one carrier band. Such a flexible joint maximization problem could be solved by convex optimization solutions with reasonable complexity. Numerical analysis has confirmed the performance advantages of the proposed multi-flow solution under different carrier aggregation deployment.
Introduction
Typical strategies are loosing the abilities to fulfill the growing demands of enormous wireless data rate and the heterogeneous density in wireless cellular networks for the 5th generation (5G) and beyond [1] . Heterogeneous networks (HetNets) have been considered as one of the most promising technologies for engaging better mobile coverage and higher cellular network capacity [2] , which are developed by the Third Generation Partnership Project Long Term Evolution-Advanced (3GPP LTE-A) [3] . Transmitting nodes characterized by their graded coverage abilities within the HetNets are categorized into multiple layers accordingly to reinforce the service quality of mobile communications in a heterogeneous way [4] .
As a new cellular paradigm, the deployment of small cells underlaid by a traditional macro cell is proved to be more efficient for communication due to the reduced transmission distance. However, the deployment of HetNets is challenging in several ways. For one thing, the coverage disparities of the transmit nodes in HetNets [5] would cause uneven traffic loads across different layers, which makes the users within the network more sensitive to the cell association policies. For another thing, massive small cell deployment would complicate the interference environment either among or across different layers, which would jeopardize the improvement of network spectral efficiency.
In order to cope with the unbalanced traffic load as well as the cross layer interferences, the problem of joint user scheduling and cell association must be further considered for the HetNets. To this end, this paper focuses on the network utility optimization of a two layer HetNet with multiple carrier bands fully reused across different network layers from a cell association and user scheduling angle.
Related Work and Motivation
Both industry and academia are convinced that the HetNets would play an important role in improving the cellular network capacity by extremely dense small cell BS deployments. However, such ultra density has made the network design more complicated in several ways.
Intercell interference has always been a major concern for modern cellular networks. The LTE-A specifies several strategies for enhanced intercell interference coordination (eICIC), one of which is to explore cooperative [6] and coordinated transmission approaches involved with multiple antenna techniques [7] [8] [9] . Along with the ultra dense small cells deployment, massive antenna regime are considered the most crucial technologies in the 5G mobile systems [10, 11] .
In the HetNets, challenges on interferences both intra-layer and inter-layer should be handled in a more spectrally efficient way that a successful cell deployment must offer a perfect balance between preferred network utility and the scarcity of radio resources. In the literature, a bunch of work has been done for spectral efficiency improvement in the HetNets by interference mitigation approaches [12, 13] . Joint solutions of network MIMO are proved to have great potentials in interference management [14] for higher spectrum utilization.
To deal with the severe co-channel interference in the HetNets, another straightforward approach for the network design is the joint cell association and user scheduling problems aiming to maximize the overall network utility [15] [16] [17] . Traditional cellular scheduler associated the users with maximal signal to interference plus noise ratio (SINR) provider which may not be optimal, especially when multiple layer of small cells were engaged in the communication network [18] [19] [20] . One direct mend on this dilemma is to take the unbalanced traffic loads between the high transmit power layers and low power layers' BSs into account [21] [22] [23] when formulate the cell association problem based on max-SINR criterion. The small cell BS would benefit from such joint association and scheduling strategies from global optimization to locate the optimal cell load [24] . Moreover, game theory approaches [25, 26] were also proved to offer the best negotiation on the cell range expansion balance among BSs with different transmit power level.
Most works in the literature are based on the assumption that all users associated on the same BS would share the power and other radio resources equally [27] . Full frequency reuse policy suffered heavily due to the dense deployment of small cells and the complicated interferences in the HetNets, where the spectral efficiency was already in jeopardy. In order to support high data rate and overcome the challenges on the spectrum scarcity in the same time, carrier aggregation (CA) has been introduced into future networks design [28, 29] . Different frequency bands are involved in the downlink transmission of the HetNet with different coverage abilities and different propagation characteristics [30] . Under such circumstances, the joint problem of cell association and user scheduling in the HetNets would be more flexible if the users could be engaged with more than one carrier band with proper carrier aggregation strategies [31] [32] [33] .
Contribution and Organization
The problem of joint resource allocation and user scheduling with carrier aggregation in current cellular networks were investigated in the literature [34, 35] . However, very few were discussed when facing the dense deployments of small cells in the HetNets. In this context, the focus is on the network capacity optimization problem through joint cell association and user scheduling in a HetNet with multiple carrier aggregation across different layers. In such complicated communication environment, the original joint maximization on the network utility is formulated to be NP-hard. The main contribution of this work is providing an upper bound for the proposed joint problem through a nontrivial reformulation based on multi-flow carrier aggregation across the HetNet, which enables the users could associate with BSs over multiple carrier bands. Hence the joint maximization problem could be solved by convex optimization solutions with reasonable complexity. Under different carrier aggregation deployment, the performance advantages have been proved by numerical analysis.
The rest of this paper is organized as follows: Section 2 describes the system overview of the HetNet with both network and signal models, and formulates the problem of joint network capacity maximization. Section 3 presents the proposed problem reformulation and optimization solutions over multi-flow relaxation. Numerical simulation results are provided to validate the proposed joint cell association and user scheduling schemes under all kinds of carrier deployment in Section 4. Section 5 concludes the paper and discusses potential research interests.
Throughout this paper the following notations are adopted: (x(m, n)) M×N denotes a M × N matrix with element x(m, n) on row m column n; x b a sets boundary on variable x, which makes a ≤ x ≤ b.
Matrices and column vectors are demonstrated by bold upper and lower case letters, respectively.
Problem Statement
In this section, a two-layer heterogeneous system overview with multiple available aggregated carrier bands is set up first, then both the network model and the signal model are introduced in detail. In order to improve the overall network capacity, a joint cell association and, finally, the carrier aggregation for traffic load balancing problem is formulated.
System Overview
A cellular network with multiple low power femtocell BSs underlaid macrocells is considered in this paper, where carrier aggregation is deployed to improve the overall network date rate and coverage ability on the cell edge areas ( Figure 1 ). In this paper, a downlink scenario is considered in a multi-layer HetNet with N available frequency bands denoted as a set of N = {1, ..., N} for carrier aggregation, and for each carrier band n ∈ N , the bandwidth is denoted as B n . Assuming a set of K = {1, ..., K} base stations are normally scattered in the HetNet, where massive femtocell BSs and the macrocell BS are layered by their transmit power level. A set of M = {1, ..., M} normally distributed users are considered active in the two-layer HetNets.
Assume a typical downlink transmission link from BS k ∈ K to its intended user m ∈ M occupying radio resource carrier n ∈ N , where x n k is the transmit symbol. Then, the received signal at user m could be denoted as
Inter f erences
where H n k,m is the complex channel state information from BS k to user m on carrier band n. The received signal at user m is demonstrated as the combination of the intended signal, co-channel interferences from the neighboring cells within the HetNets and the additive white Gaussian noise (AWGN) with zero mean and variance N 0 . Then, the achievable rate for user m in cell k scheduled on carrier n should be
where SI NR n k,m is the signal to interference plus noise ratio accordingly. Under the assumption of signal model (1), it is denoted as
P n k is the transmit power level of BS k on carrier band n, which is denoted from
2 is the channel power gain which captures both large and small scale fading characteristics. And N 0 B n is the power level of the white Gaussian noise of bandwidth B n . To balance the traffic load among different tiers in the carrier aggregated HetNets, the cell association schemes are developed to determine the optimal user scheduling policy with binary indicators ψ n k,m , where
user m is associated with BS k on band n,
0, otherwise.
Therefore, on each carrier band n, the traffic load for each BS k is determined as
where equal and orthogonal radio resource and equal power allocation is assumed among users associated with the same BS on the same carrier band in this paper.
Problem Formulation
As assumed above, with equal and orthogonal resource allocation, the ergodic rate of user m served by BS k on carrier band n should be denoted as
which is depending on not only the scheduling indicator but also the traffic load of the scheduled service supplier for each user.
In the traditional cellular network, to bring the best performance, users are always connected to the BSs who would provide with the best Signal to Interference plus Noise Ratio (SINR) performances. In the two-layer HetNets, due to the different power levels between the macro Bs and the Femto BSs, it is always the Macro BS that could serve the users under such cell association policies. Thereby, the traffic load would be extremely uneven among different layers causing the over loaded macrocell and lightly loaded femtocells, which has prevented the heterogeneous network from achieving better performances.
To balance the traffic load and maximize the network utility, cell association schemes are designed that aim to determine the optimal user scheduling policy
where
and the network utility function is defined as the sum rate of the whole network.
Problems such as the above are nonlinear and non-convex combinatorial optimization problems for which it is unpractical to search for a global solution [36] . In this paper, two load balanced cell association schemes are involved on the basis of carrier aggregation techniques for the two-tier HetNets. In an earlier work of ours, a distributed stochastic control based [37] user scheduling scheme is proposed for single flow carrier aggregation where users can only associate with no more than one BS on one carrier. In this paper, the problem is reformulated to the circumstances where multiple flows are allowed for carrier aggregation to achieve a joint solution across the HetNets.
Joint Cell Association Scheme for Multi-Flow Carrier Aggregation
In this section, joint cell association is proposed for multi-flow carrier aggregation across different BS in different layers, which may provide with an upper bound on the network throughput maximization problem.
Multi-Flow Problem Reformulation
In this part, for each user it is assumed that they could be associated with multiple BSs on different carriers at one time, which indicates that the constraint on ψ n k,m ∈ {0, 1} has been relaxed to ψ n k,m ∈ [0, 1]. As long as ψ n k,m > 0, user m will be fractionally scheduled on carrier band n by BS k, with regard to which, a single flow problem is relaxed to a multi flow problem formulation.
In order to achieve better performance on traffic load balancing across different layers of the HetNets, logarithmic utility is considered instead of the linear utility in (8) . With such considerations, fairness among users are better covered by the concaveness of the logarithm, which also helps to balance the traffic between different tiers.
Therefore, under equal resource allocation assumption among all of the users, the joint cell association problem is reformulated as
where Ψ = (ψ n k,m ) n∈N k∈K,m∈M and L = (L n k ) n∈N k∈K .
Iterative Dual Analysis Based Joint Cell Association
The relaxed problem reformulation (9) has changed the proposed problem (8) from combinatorial optimization into convex optimization. The original problem could be considered as a special case where the users are all associated with only one BS on one carrier band.
To solve this problem, the Lagrangian Dual Decomposition approach [36] is involved after (9) is rewritten as
where λ = (λ n k ) K×N is constructed as the Lagrangian multipliers. Then, the optimization problem (10) is dualized by defining this dual problem
As it could be inferred from (11) and (12) that the dual problem is composed of two independent subproblems illustrated as
where Ψ = (ψ n k,m ) n∈N k∈K,m∈M , and
where L = (L n k ) n∈N k∈K . This dual formulation has already proved by Slater's condition [36] to have a zero dual gap with the primal problem when the optimal resolution of (13) and (14) converges into the same, which means that solving the dual problem (12) offers the original problem (9) with an optimal solution.
For each λ n k , the optimal determination of ψ n k,m in (13) is to determine which user should be associated with which BS on which carrier which is
Apply the well known Karush-Kuhn-Tucker (KKT) method on problem (14) and get
To summarize, searching for the maximum sum rate is proceeded by two layers of iterations. The first layer is implemented between the optimal results of (13) and (14) . The second layer is the rate adaptation along with the updation of the Lagrangian multipliers. The second layer iteration takes place between the Lagrangian multipliers λ and the converged sum rate achieved from the first layer iteration. The subgradient method is used for the updation of λ as for any k or n there is
where Iter is the iteration number and s is the iteration step chosen by the subgradient method [36] .
Summary
The pseudo code of the proposed joint cell association scheme with multiple flow CA is summarized as in Algorithm 1. 6: for n = 1 to N do 7: for k = 1 to K do 8: Begin First Layer Iteration: 9: for m = 1 to M do 10: Update f * (m) by (15).
Algorithm 1 Joint Cell Association

11:
end for 12: Update L n k by (16).
13:
End First Layer Iteration till step 10 and step 12 converge.
14:
end for 15: end for 16: Update λ, and set Iter = Iter + 1. 17: End Second Layer Iteration till converge or reach Iter max .
Numerical Analysis
In this section, simulation results are demonstrated to evaluate the performances of the proposed multi-flow based joint cell association schemes on the traffic load balancing and the network utility problems.
Simulation Configuration
In a typical two layer Heterogeneous Network, the carrier bands for aggregation is set as N = 2, with one high frequency carrier band C 1 and one low frequency carrier band C 2 . The carrier bands deployments are denoted by a binary matrix between different network layers and different carrier frequencies as in [α 11 α 12 ; α 21 α 22 ], where
For example, a deployment of [1 0;1 1] means the first tier only has access to carrier C 1 , and the second tier is co-deployed with both carrier bands C 1 and C 2 c. In this simulation set-ups, the first layer is referring to the macrocell layer, and the second is femtocell layer.
As stated in Section 2, both small scale and large scale fading effects are considered in the channel power gain G n k,m from (3). The small scale Rayleigh fading effects in G n k,m is stated by a random variable with zero mean and unit variance, while the large scale fading is assumed by only denoting the path loss effect. A simplified path loss model [38] is built as a function of distance between a user and it serves BS as follows
In this model, the variable d k,m denotes the distance between user m and BS k. C n is a frequency-dependent constant denoted as C n = (λ n /4πd 0 ) 2 , where d 0 is the reference distance for the antenna far field, and λ n is the wavelength of radio carrier n ∈ N . And γ is the path-loss exponent depending on propagation environment. Note that considering the scattering environment, this path loss model is valid only when d k,m > d 0 [38] .
The other simulation parameters are summarized in Table 1 unless stated otherwise. All of the simulation results are obtained through at least 1000 Monte Carlo channel realizations. For comparison, a stochastic single-flow solution [37] and the traditional max-SINR cell association strategy are considered as benchmarks in the simulation results. 
Numerical Results
Numerical results are demonstrated in this section under pre-discussed network layout and system parameters under different carrier deployments. Figure 2 shows the sum-rate performance of the proposed joint cell association schemes for multi-flow CA when the total number of users within the HetNets are changing under different carrier bands deployments. The proposed multi-flow solution (MF) is compared with the Max-SINR (SINR) association scheme under different network density, where K = 20 and K = 40 state the total BS number in the network layout. It can be seen that, under different carrier deployment conditions, the proposed joint scheme is proved to have much better performance in terms of network capacity. Compared with the previous work [37] , under the same condition of carrier deployment, the proposed joint scheme is also better than the stochastic single flow scheme due to the user diversity gain. The relaxation of the user association factor ψ n k,m makes the users capable of associating with multiple BSs on multiple carriers in the same time and in the mean time, the global solution is achieved.
When carrier deployment changes among the two-layer HetNets, Figures 3-5 show the performance on network capacity against the transmit power lever of both Macro BS and Femto BSs. In general, the proposed joint solution gives the best performance as expected. According to different carrier deployment conditions, the performance differences are summarized below in detail. Figure 3 indicates the situation in which the first layer of the HetNets is employed with both high and low frequency bands while the second layer is left with a single carrier band. In Figure 3a , as the growth of the transmit power of Macro BS, the proposed joint solution achieves better performance due to its designed multiple data flow cell association scheme. For the other two schemes, the users scheduled in the second layer suffered severely from the growing interference level, which blocks the whole network performances from improving. From Figure 3b , it could be seen that the proposed joint scheme is more sensitive to the transmit power level of the Femto BS compared to the other two scheme. As the transmit power grows, the users are offloaded from the Macro BS, which causes the network utility improving. However, as the power level continues to grow, the cross layer interference has become a threat to the HetNets, which causes the performance drop. This precisely proves the effectiveness and flexibility and effectiveness of the proposed joint scheme.
Under different circumstances in Figure 4 , the proposed solution along with the two benchmark schemes have shown their own characteristics when cross layer interferences exists([1 1;1 1], [0 1;1 1],  [1 0;1 1] ). In Figure 4a , the proposed joint multi-flow solution achieves the best performance under full carrier deployment across different network layers ([1 1;1 1] ). The other two schemes both suffer a performance loss as the interference level grows either inter layer or inner layer. As in Figure 4b , under full carrier deployment, the proposed solution only achieves better performance when the transmit power of the Femto BSs reaches a certain level. When the transmit powers are lower, the stochastic single flow solution provides the HetNets with better utility because there are more available BSs and carrier bands in the Femtocells for each user to choose a better cell association opportunity.
In particular, when cross layer interferences do not exist in Figure 
Conclusions
This paper approaches the network capacity maximization problem through joint cell association and user scheduling in the HetNet. With multiple carrier aggregated across different layers for the downlink transmission, the original joint maximization problem is reformulated, in which the users could associate with BSs on more than one carrier band. The flexibility of the proposed joint maximization problem was achieved by convex optimization solutions with reasonable complexity. Numerical results were able to show the performance advantages of the proposed multi-flow solution under different carrier aggregation deployment.
For future work, the joint cell association and user scheduling problem in the HetNets could be considered with physical layer multiple, or even massive, antennas involved in the transmission design, where the users may access the network non-orthogonally by multiplexing in the power domain.
